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QCD '98: status of the power corrections 

V.I. Zakharov a 

a Max-Planck Institut fur Physik, 80805 Munich, Germany. 

We review status of the power corrections in QCD. The topics include shape variables, unconventional 1/Q 2 
corrections, tachyonic gluon mass as a fit parameter to the 1/Q 2 corrections. The selection of the material is 
determined mostly by results presented at the Conference QCD'98 (Montpellier, July 1998). Some background 
comments are also included. 



I. Introduction 

By power corrections to the parton model one 
understands terms of order (A-qcd/Q) 12 where 
the characteristic mass scale Q is assumed to 
be much larger than Aqcd- At first sight, the 
inclusion of the power correction in any consis- 
tent analysis is very problematic since they are 
exponentially small in inverse running coupling, 
~ exp(— n/2boa s (Q 2 )), and, generally speaking, 
are subordinate to many orders in perturbative 
expansion which makes them extremely sensitive 
to an exact definition of a s and so on. 

Thus, to develop a phenomenology one as- 
sumes in fact that the power corrections are en- 
hanced numerically and are responsible primarily 
for breaking of asymptotic freedom at intermedi- 
ate Q 2 . The first signal for that came from the 
QCD sum rules The central object here is the 
correlators of the currents j with various quantum 
numbers: 

II, (Q 2 ) = i J exp(iqx)(Q\T{j(x),j(0)}\0), (1) 

(q 2 = —Q 2 ) and it is indeed known that the power 
corrections to the parton model predictions for 
Tlj(Q 2 ) can be extracted with reasonable accu- 
racy. 

More relevant to the present discussion, the 
power corrections seem to be large in jet physics 
as well. In particular for a jet mass one has Q 
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where Q is the jet energy and the intrinsic per- 



pendicular momentum of the partons is of order 
(k±) ~ 0.5GeV so that the nonperturbative cor- 
rection is quite large. 

Most recently, the power corrections were dis- 
cussed within the renormalon framework (for re- 
views and further references see ||). Renor- 
malons provide with a derivation of equations like 
(|^) in a language directly related to the funda- 
mental QCD. 

Experimental and lattice data have been accu- 
mulated during last year and there have already 
been three talks at this Conference devoted en- 
tirely to the power corrections ^-^]. I feel that 
the relevant theoretical framework was basicly 
reviewed during the previous conferences in the 
same series ||. Thus we add only a few remarks, 
mostly on new theoretical works which appeared 
meantime. Also, we include an overview of the 
original work M . 

2. Shape variables. 

Data on 1/Q corrections to the thrust, C pa- 
rameter and heavy jet mass M% were obtained 
with high statistical accuracy and presented at 
this Conference g. The interest in these cor- 
rections, at least partly, was motivated by appli- 
cations of the renormalon techniques [p[-^0|. In 
particular, the value of n in (Aqcd/Q)" is fixed 
reliably by the renormalons for each variable and 
the presence of the Aqcd/Q terms was demon- 
strated in case of the variables mentioned above. 
However, to find relations between various correc- 
tions one needs still models because in principle 
any number of the renormalon chains gives power 
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corrections of the same order ]lT],|| and there is 
no way to evaluate all of them. 

Proceeding to the models, within the univer- 
sality picture pjl0|| one keeps terms which con- 
tribute perturbatively in differential distributions 
of the variables as a™ln k Q and continues such 
terms to the infrared region (where, in general, 
they do not dominate any longer). As a result, 
all the 1/Q corrections get expressed in terms of 
a universal factor E soft = J dkxj ei k(a s (kp erp )) 
where is the so called eikonal anomalous di- 
mension and the integral over the Landau pole is 
understood, say, as the principal value. Within 
this model one gets, in particular, 



The data look as {§ 

1 , , const , 

-(l-T) 1/Q = — (0.511 ±0.009) 

1 , „, const , 

^~( C )i/Q = ^^(0.482 ±0.008), 
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and are in excellent agreement with the theory. 

There are further theoretical predictions. In 
particular M: 
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1/Q \ ^ / 1/Q 

Although the equation ([?]) echoes the tube model 
(^) its derivation within another renormalon- 
related approach || turned to be rather painful. 
The point is that this is an approach based on 
a single renormalon chain (or one-loop integra- 
tion over the running coupling) . Such an approx- 
imation is tempting because of its simplicity and 
various assumptions (like large Nf, naive non- 
abelianization, freezing of the coupling...) were 
tried to justify it. However, it is a basic fact 
about power corrections that the higher loops of 
the perturbative expansions, when projected onto 
the power corrections, all of them give contribu- 
tions of the same order pl|,p[ . It was dramatically 
confirmed in case of the shape variables because 
in the one-loop approximation S one of the jets 



is deprived of any non-perturbative contributions 
and has mass strictly zero which cannot be true 
experimentally. 

However, if one compares with experimental 
data, say, Eq. (||) then the both sides lose (for 
a two-jet event) a factor of 2 and the relation 
stays intact [3|. Only once one proceeds, e.g., 
to relations (7) the shortcomings of the model 
H become self-evident. During the last year the 
so called Milan factor [13] was discovered within 
the approach of Refs. ||. Which is, in essence, 
the observation that two loops contribute to the 
shape variables no less than one loop. The ex- 
plicit form of the Milan factor emerges from a 
careful analysis of the infrared radiation on the 
two- loop level. As a result, in cases when same 
variables were considered within both approaches 
I and § 

(DW) x (Milan factor) = (universality) (8) 

where (DW) stands for the original predictions 
of the model ^j. It might worth noting that the 
Milan factor does not necessarily keeps exactly 
the same contributions which are absorbed into 
the factor E so f t (see above). However, the both 
models share the property that for a two-jet event 
nonperturbative contributions are the same for 
each of the jets. And the both derivations are 
still models, not a proof. 
Experimentally, 
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const 



(0.616 ±0.018) 



(9) 



where the constant is the same as in Eqs. (4,5). 
kl As is emphasized in [0] the experimental data 
on the jet broadening parameters, Bx,B\y con- 
tradict the Milan factor (these variables have not 
been treated within the universality approach so 
far). On the other hand, there is no contradiction 
with hadronization models. My superficial judg- 
ment would be that the Milan factor will yield 
to the hadronization models as a result of fur- 
ther analysis. The reason is that the renormalons 
do incorporate the tube model as a hadronization 
model [01. 
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3. Power corrections in DIS. 

Theory of the power corrections in deep inelas- 
tic scattering has been developed so far only on 
the one- loop level (i.e., a single renormalon chain) 
13 1 . Which might be not such a bad approxima- 
tion (unlike the case of the e + e~ annihilation, 
see above) since there is a single quark which ra- 
diates. And indeed first calculations pj with in- 
clusion of the Milan factor confirm these expec- 
tations. However, even on the one- loop level the 
Landau-pole parametrization of the power correc- 
tions produces in case of the Fl structure func- 
tion a result which is in variance with a single 
renormalon chain predictions ||l5|| . Thus, the the- 
oretical predictions appear to depend on details of 
the infrared cut off, the possibility always looming 
over the renormalon-based approaches. Also, the 
extraction of the numerical value for the power 
corrections in DIS at least in some cases depends 
crucially on the subtraction of the perturvative 
pieces 

A new and systematic extraction of the power 
correction to the non-singlet structure function 
F% from the experimental data was presented at 
this Conference ||. The power corrections were 
studied as a function of n where n is the number 
of the moment from the structure function F2 (x) 
and the n-dependence appears to agree with the 
renormalon-based predictions. 



4. Power corrections beyond the OPE. 

So far we discussed power corrections associ- 
ated with infrared region. Although the theoret- 
ical predictions may vary in this case as well, the 
physical picture behind the IR corrections is sim- 
ply the growth of the running coupling at large 
distances and this mechanism seems safe. 

During the last couple of years unconventional 
1/Q 2 corrections which go beyond this simple pic- 
ture have also been discussed. At this Confer- 
ence results on measuring 1 / Q 2 terms in a s have 
been presented ||. Papers in Ref. || contain 
not only results of the lattice measurements but 
an exposure of the theoretical framework as well 
and we would not like to overlap with this discus- 
sion. The 1/Q 2 corrections are viewed in Ref. || 



as arising within the dispersive approach, or from 
removal of the Landau from the running coupling 
Jl7|,[]l|. In fact, there is another way to introduce 
the 1/Q 2 corrections which go beyond the stan- 
dard OPE, that is via the UV renormalons p9[ . 
It has not been clarified yet, whether there is any 
connection between the two ways of viewing the 
unconventional 1/Q 2 corrections. 

The leading ultraviolet renormalon brings per- 
turbative expansions of the form: 



a„<(Q 2 ) 



= ]>>!(-& o r<(Q 2 ).(10) 



uv 



Because of the n! divergence of the expansion co- 
efficients the sum (|o|) is not defined. It is quite 
common to assume however that the Borel sum- 
mation is the correct recipe to deal with the di- 
vergence. This hypothesis amounts to replacing 
the growing branch of the perturbative expansion 
( JTc| ) by its integral representation: 



n\(-b ) n a r s 



(a s b t)" cr exp(-t)dt 
1 + a s b t 



(11) 



where N cr = l/boa s is the value of n for which the 
absolute value of the terms in the series reaches 
its minimum and the right-hand side is readily 

seen to be of order 



m ■ 



[a n a 



JV C . 



A 2 

QCD 

Q 2 ' 



(12) 



It is amusing to observe that this correction comes 
from huge virtual momenta of order p 2 ~ Q 2 ■ 
exp(N cr ). 

Thus, if the theory is defined with an intrin- 
sic UV cut off, like the lattice theory, then the 
contribution of the UV renormalon may well be 
irrelevant. Then an alternative language of dis- 
persive approach to the running coupling p7| , ^8| 
can be utilized. Within this approach, one may 
think in terms of the removal of the Landau pole 
from the coupling: 



1 



A 2 



lnQ 2 /A 2 



lnQ 2 /A 2 



(Q 2 



■(13) 



QCD '"^ / QCD 

To justify this modification of the coupling one 
argues that to any finite order in perturbation 
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theory the coupling satisfies dispersion relations 
with cuts at physical s > 0. The procedure, which 
has been discussed since the fifties, clearly intro- 
duces a Aq CD /Q 2 correction to a s at large Q 2 . 

The bulk of the discussion is build on the belief 
that the replacement ([l3|) results in a new uni- 
versally defined coupling which can be used then 
for phenomenological purposes. However, it was 
argued in Ref. |lqj , and I still consider the ar- 
gument convincing, that the dispersive approach 
does not end up with a universal redefinition of 
the coupling. Instead, all the terms in a s (Q 2 ) 
perturbative expansion collapse to the same order 
power correction once the Landau pole is removed 
from the dispersive representation for a"(Q 2 ). In 
more detail [E0|: 



a n a:(Q 2 )- 



A 2 

QCD 



Q 



(14) 



Thus to establish a connection (if any) of the re- 
moval of the pole from dispersion representations 
with the UV renormalons one has to consider the 
whole series in a s {Q 2 ). In particular, let us apply 
(0) to the case a n — bo) n . Then the result- 
ing power correction, J2 n (~ 1)™Aq C£) /Q 2 , * s stm 
poorly defined. If, however, we invoke the Borcl 
summation, 



/ A 2 
^(-1)" QCD 



Q 2 



Borel 



1 A 2 

2 Q 2 ' 



(15) 



then the power corrections resulting from the pro- 
cedures (14) and ( pd| ) are the same. This ex- 
ample demonstrates that there could be a close 
connection between the Borel summation of the 
UV-renormalon series ( |TT| ) and the removal of 
the Landau pole ( JT3| ) from dispersion relations. 
Moreover, one may argue that if introduction 
of the UV cut off into the theory removes the 
UV renormalon, the coupling should be redefined 
along the lines of Eq. ( |l3| ) so that the theory with 
and without the UV cut off remains the same at 
relatively low momenta on the level of the 1/Q 2 
terms. Thus, one is invited to generalize the logic 
of the renormalization group to include the 1/Q 2 
corrections as well. 

Let us now turn to another issue, namely the 
physical meaning of the replacement (|l3|). To this 



end we need a more precise definition of a s (Q 2 ) 
and we assume now that a s (Q 2 ) is defined in 
terms of the Fourier transform of the potential 
of heavy quarks V(r) ]2l|j . It is obvious then that 
the change (|l3| ) results in a linear correction to 
the potential at short distances r <C Aq^ d : 



lim V(r) 

r— >0 



4a s (r) 
3r 



+ (const)r. 



(16) 



On the other hand, within the so to say standard 
QCD the leading power correction at short dis- 
tances is of order r 2 . This conclusion is based 
solely on the assumption that the nonpertur- 
bative fluctuations in QCD are of large scale, 
~ h-QCD (f° r references and further explana- 
tions see pl|). Thus, introduction of the new 
corrections (|13[) assumes small-size nonperturba- 
tive fields and a particular picture of the vacuum 
properties which results in this effect is described 
in Ref plj . Arguments that at least for some def- 
initions of a s the 1/Q 2 piece can be associated 
only with short distances were also given most 
recently in Ref. 122]. 

5. Tachyonic gluon mass. 

The 1 /Q 2 corrections discussed in the previous 
section go beyond the standard OPE. Detection 
of the new type corrections through phenomenol- 
ogy would be of great interest. In this section we 
will discuss phenomenology in terms of a tachy- 
onic gluon mass which is assumed to mimic the 
short-distance nonperturbative effects jjj . 

First, let us note that not all the 1/Q 2 correc- 
tions in QCD are associated with short distances. 
For example, in case of DIS the 1/Q 2 corrections 
are coming from the IR region and perfectly con- 
sistent with the OPE. Thus, the class of theoret- 
ical objects for which an observation of the 1/Q 2 
corrections would signify going beyond the OPE 
is limited. One example was the potential V(r) 
discussed above. Other examples are the corre- 
lator functions (|l|) where the IR-sensitive power 
corrections start with Q -4 terms jjj. 

Thus, we concentrate on this set of variables 
and an interesting question is whether there is 
room for introduction of sizable non-standard 
1/Q 2 corrections. The answer seems to be in pos- 
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itive J7[. First of all, the potential fllq ) itself has 
been measured on the lattice down to fairly short 
distances [|3| and there is no sign of the change 
from the linear term kr (where k is the string ten- 
sion) to a quadratic correction cr 2 as is predicted 
by the OPE. Thus at this time one is free to spec- 
ulate that the form (|ilf ) continues to r — > with 
const ~ k « 0.2GeV 2 . 

Even if one accepts this assumption, it is far 
from being trivial to relate the constant k to the 
scale of the 1/Q 2 corrections to other quantities. 
Qualitatively, however, one may hope that intro- 
duction of a tachyonic gluon mass at short dis- 
tances would imitate the effect of the A 2 - )cn / Q 2 
corrections. Indeed, the linear term in ( jlq ) and 
with const ~ k can be imitated (2(]] by the 
Yukawa potential with a gluon mass A: 



4a t 
6 



A 



k. 



(17) 



This picture with a tachyonic gluon mass can be 
consistently used at one-loop level as well. 

Of course Eq. ( |l7j ) may serve only for a rough 
estimate. First of all, there are no error bars on 
the value of k at short distances since the mea- 
surements [ p3[ were not dedicated to the short 
distances. Moreover, Eq. ( |l7|) assumes that the 
short-distance potential is due to a vector-like ex- 
change while at large distances the kr term cor- 
responds to a scalar exchange and there is no evi- 
dence for a change p3fl . However, the reservations 
(which are numerous) should not mask the fact 
that the gluon mass is large according to (pj|). 
And the real question is @ whether a kind of 
large tachyonic gluon mass is admitable in view 
of the known properties of Uj(Q 2 ). 

One of the basic quantities to be determined 
from the theory is the scale at which the parton 
model for the correlators (|l]) gets violated consid- 
erably via the power corrections. Technically, one 
studies usually II (M 2 ) where (!]] 



n,(M 2 ) 



Q 



2/1 



(n - 1)! \dQ 



Ii 3 {Q 2 ) (18) 



in the limit where both Q 2 and n tend to infin- 
ity so that their ratio M 2 = Q 2 /n remains finite. 
Moreover, within the standard OPE the correla- 



tors II(M 2 ) at large M 2 is represented as: 

IL,(M 2 ) w (parton model) ■ (19) 



1 



InM 2 / Aq CD ' M 4 



+ T j I + 0((lnM 2 )- 2 M-*) (20) 



where the constants aj,bj depend on the chan- 
nel, i.e. on the quantum numbers of the current 
j. The terms of order 1/lnM 2 and M -4 are asso- 
ciated with the first perturbative correction and 
the gluon condensate, respectively. To charac- 
terize the scale of the power corrections, one may 
introduce Q the notion of M 2 rit which is defined 
as the value of M 2 at which the power corrections 
become, say, 10% from the unit. The meaning of 
M 2 rit is that at lower M 2 the power corrections 
blow up. 

In the p-channel, 

M 2 rit (p — channel) 



0.6 GeV 2 



(21) 



which is determined by the value of the gluon 
condensate < a s (G^) 2 > and agrees well with 
independent evaluation of M 2 rit from the experi- 
mental data on the e + e~ annihilation [Q. In the 
language relevant to the present review, the gluon 
condensate represents IR renormalons. 

If one proceeds to other channels, in particular 
to the 7r-channel and to the ± -gluonium chan- 
nels, nothing special happens to M 2 rit associated 
with the IR renormalons. However, it was deter- 
mined from independent arguments that the ac- 
tual values of M 2 rit do vary considerably in these 
channels [gjj : 

M 2 „ t (ir - channel) > 1.8 GeV 2 (22) 
M 2 r j t (0 ± — gluonium channel) > 15 GeV 2 . (23) 

These lower bounds on M 2 rit are obtained from 
the values of /„- and of the quark masses in the 
pion channel, and from a low-energy theorem in 
the gluonic channel. Such values of M 2 rit cannot 
be recoinciled with the IR renormalons. 

Now, a new term proportional to A 2 is added 
to the theoretical side of H, (M 2 ) which becomes: 

H(M 2 ) « (parton model)(l +J ^ + ^- 4 +^)(24) 

where Cj is calculable in terms of A 2 : 



^Cp — C gluonium — A 
07T 7T 



(25) 
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Phenomenologically, in the p-channel there are se- 
vere restrictions p5[ on the new term Cj/M 2 : 



(0.03 - .07) GeV 2 



(26) 



Remarkably enough, the sign of c p does corre- 
spond to a tachyonic gluon mass (if we inter- 
pret c p this way). Moreover, when interpreted 
in terms of A 2 the constraint (^6|) does allow for 
a large A 2 , say, A 2 = -Q.bGeV 2 . 

As for for the 7r-channel one finds now a new 
value of M 2 rit associated with A 2 ^ 0: 

M 2 nt (n - channel) w 4 • M 2 rit (p - channel)(27) 

which fits nicely the Eqs. (|lf) and (22) above. 
Moreover, the sign of the correction in the ir- 
channel is what is needed for phenomenology |24| . 
Fixing the value of cv to bring the theoretical 
11^ (M 2 ) into agreement with the phenomenolog- 
ical input one gets 



A 



- 0.5 GeV 2 



(28) 



Finally, we can determine the new value of 
M 2 rit in the scalar-gluonium channel and it turns 
to be what is needed for the phenomenology, see 
Eq (p3|). Thus, qualitatively the phenomenology 
with a tachyonic gluon mass which is quite large 
numerically stands well to a few highly nontrivial 
tests. 

It is worth emphasizing that the A 2 terms rep- 
resent nonperturbative physics and limit in this 
sense the range of applicability of pure perturba- 
tive calculations. This nonperturbative piece may 
well be much larger than some of the perturba- 
tive corrections which are calculable and calcu- 
lated nowadays. 

Further crucial tests of the model with the 
tachyonic gluon mass could be furnished with 
measuremants of various correlators Hj(M 2 ) on 
the lattice. 

6. Conclusions 

We discussed briefly the status of the power 
corrections both from IR and UV regions. The in- 
frared renormalons produce a picture close to the 
hadronization models. Phenomenologically, there 
is room for a new Aq CD /Q 2 correction coming 



from the ultraviolet. If confirmed, such a correc- 
tion would be of great interest. 
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